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Abstract 
Over the past decades, dramatic increases in population and quality of life have led to an ever-growing need for wastewater 
infrastructure systems. Designing and applying novel pipelines with lower installation and long-term operation and maintenance 
expense will become crucial in the near future for the implementation of the best environmental management strategies.  In th is 
paper, a comparative life cycle analysis (LCA) was performed for four different types of wastewater pipe materials: composite 
fiber reinforced Polymer (FRP), PVC, ductile iron, and concrete. The functional unit in our analysis was defined as the 
infrastructure needed for the collection and transportat ion of one cubic meter of waste water from a city for a period of 50 years. 
Assuming a city that has a population of 200,000 and generates 0.3 cubic meter of wastewater per person per day, the reference 
flow for the above assumed functional unit can be deduced. Considering various life cycle stages, environmental impacts such as 
“ozone layer depletion”, eco-toxicity”, and “energy consumption” were quantified and compared for all pipe materials . The 
results show the production phase has the maximum impact among the different phases of all pipe manufacturing and within 
different environmental impacts; fossil fuel is the largely affected area in all piping systems and among the four pipes, ductile 
iron has the maximum impact and PVC has the minimum impact on most of these areas. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 With urban population growing exponentially every year, water as a basic necessity now has a whole new 
meaning. Humans use water not only for d irect consumption, but also production of products and services, foods 
and animal feed, and many more [1].  W ith 52% of the world’s population now liv ing in urban areas, management 
of the urban water cycle (both water and wastewater) in cities becomes ut most important [2]. Proper implementation 
of the urban water cycle will not only meet sanitary requirements of an increasing population, but also ensure good 
water quality in these urban areas.  
 Much of the U.S. p ipe in frastructure is in poor condition and deteriorating furthe r each year. This fragile 
situation of water and wastewater infrastructure is due to the use level o f pipes which has met or exceeded its 
intended life expectancy of 50-100 years in most areas [3]. According to a survey carried out by American Water 
Works Association (AWWA) in 2007, there is an average of 16% “unaccounted for” or “unbilled” water leakage, 
with some leakages as high as 50% (Tafuri & Selvakumar, 2002). Leakage of water not only affects the environment 
and human health but also increases water rates significantly in the United States. 
 The durability and service longevity of a plumbing system is dependent on the quality of its component parts and 
the installation environment. In general, the material itself is not the main factor for life cycle  performance, but the 
material in interaction with construction and control works is. Thus, materials are decisive for pipe construction 
strength and deterioration, as they may influence the biological growth and together with the quality of installation 
work, p lay a ro le related to sags, leakages and roots [4]. Construction failures consequently increase the need for 
maintenance. Therefore, a comprehensive improvement of water and wastewater infrastructure is to consider both 
suitable material types and good quality of installation work. 
 The current solution of many problems in water and wastewater infrastructure is improving life -cycle 
performance with many benefits, including lower installation costs, reduced water leakage, corrosion resistance and 
reduced maintenance over the lifet ime of a pipe infrastructure system [5]. In this study, four different pip ing 
materials, namely ductile iron, concrete, PVC, and FRP have been considered for a sewer system. 
 
Table 1. Characteristics of common wastewater piping materials 
Material Application Key Advantages Key Disadvantages 
Ductile Iron High pressure available sizes of 
4-54 inches 
Good resistance to pressure 
surges 
More expensive than 
concrete and fiberglass 
Concrete Moderate pressure available sizes 
of 12-72 inches 
Low corrosion rate, widespread 
availability 
Relatively brittle, heavy 
PVC Low pressure 
for up to 36-inch pipe sizes 
Light weight, No corrosion Suitable for small pipe sizes and low 
pressure only 
FRP Moderate pressure available sizes 
up to 72 inches 
Light weight, No corrosion Expensive 
  
The purpose behind choosing these particular materials which will be discussed later in this study, is to bring in 
the most ‘popular’ piping materials in the wastewater system industry and take a closer look at the ir strengths and 
weaknesses as seen in contrast with each other. Life cycle assessment (LCA) focus is primary on analyzing the 
environmental impacts of wastewater infrastructure in  different life -cycle stages, i.e ., manufacturing, transportation, 
installation, and use according to the ISO standard 14040 [6]. These further help define subsequent environmental 
management strategies for wastewater or sewer systems. Table 1 shows key advantages and disadvantages of 
various piping materials and their applications in industry. 
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 PVC and FRP materials provide cost-effective alternatives to ordinary materials and their transportation, 
installation and use stages often have associated financial advantages which can be  expected over the service life [6-
8]. As concerns grow over environmental impacts and climate change and natural resource depletion, it  is crucial to 
consider the environmental implications of these materials [6,9]. 
 The main target of previous investigations in the field of the urban wastewater was commo nly the Waste Water 
Treatment Plant (WWTP), while to the best of our knowledge there is limited information on transport 
infrastructures such as the sewer system. Moreover, the ment ioned investigations extensively talk about GWP but 
ignore other impacts like ozone depletion, energy consumption and eco-toxicity. Furthermore, the important issue 
that should be determined is the competitiveness of each proposed material on environmental impact basis in  the 
future. 
In the world  today, the significance of the environmental impacts associated with products or services is 
obtaining undivided attention. To achieve a comprehensive understanding of the environmental impacts of various 
materials proposed in this study, it is crucial to  consider the environmental impact s of the materials throughout their 
life cycle (i.e., cradle to grave) from raw material acquisition through production, use and end -of-life treatment by 
the LCA method. The main goal of this study was to quantify the environmental impacts of a sewer syste m and to 
identify the most environmentally  friendly  design strategy for a small to medium sized  city with 200,000 
populations. The specific objectives to achieve this goal are as follows: 
 
x To compose an inventory of the material and energy inputs in the life cycle of a sewer system; 
x To identify the impacts of the production, transport, installation and use stages of a swage transport 
strategy by different pipe materials using an LCA method. 
x To quantify and compare the environmental impacts of a sewer system considering different pipe 
materials to identify what the less impactful strategy is; 
x To determine the most environmentally friendly design strategy for sewer systems;  
 
2. Methodology 
Life cycle analysis (LCA) is defined by United States Environmental Protec tion Agency (U.S. EPA) as a 
methodology of assessing potential environmental impacts associated with a product or process through entire 
lifetime (SAIC, 2006). Th is technique can evaluate environmental impacts of products based on their materials and 
energy inputs and outputs. LCA has also been applied to industries for product improvements and sustainability. 
ISO 14040 (2006) LCA methodology was used in this study, which comprises the following steps: 
x Goal and scope definition to determine the objectives and system boundaries of the analysis. 
x Development of life cycle inventory that quantifies material and energy inputs and outputs of processes 
involved in all life cycle stages . 
x Assessment of the impacts in term of different environmental factors. During this stage effects are 
assigned to different environmental impact categories to obtain category specific indicator values. 
x Interpretation to assess and summarize the results obtained from the previous stages to reach a substantial 
conclusion. 
A comparative LCA is often used to identify which product has most benefits with regard to environmental 
impacts. The subjects could be same products with different materials. This study will utilize a systematic way to 
quantify and compare the environmental impact caused by different materials used in the wastewater pip ing system. 
LCA was performed considering from raw materials to the use stage of wastewater p iping system. The analysis will 
be conducted using the SimaPro 7.1.8 software.  
Assuming a city that has a population of 200,000 and generates 0.3 cubic meter of wastewater per person per 
day, the functional unit in this analysis can be defined as the infrastructure needed for the collection and 
transportation of 200,000 *  0.30 * 365 * 50 = 1,095,000,000 cubic meters of wastewater from a city during a period 
of 50 years. Setting the boundary of the LCA study is a significant step which is directly related to the data 
inventory and results. The brief system boundary of wastewater piping system is shown in Figure 1.  
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Fig. 1. Simplified system boundary of a wastewater piping system 
As shown in figure 1, d isposal/end of life is not considered in the system boundary for all materials and no 
recovery expense or salvage value was taken. The life cycle of wastewater pipes includes four stages: raw material 
acquisition and manufacturing; transportation; installation;  and use and maintenance. The production phase is the 
processes of producing raw materials and manufacturing of p ipes. Since the transportation could be variable for each 
material of pipes, the transportation of raw materials to the manufacturer is not included in the data analysis of this 
investigation and it is supposed to be included in the data inventory of producing raw materials.  
The second stage is the transport processes which includes the distance traveled, vehicle types and fuel 
consumption. According to a LCA study, Sægrov et al. concluded that transportation is one of the substantial 
resource consuming stages of wastewater infrastructure, however their findings rely on specific conditions, i.e. 
transport length [4]. The installation stage of pipes mainly considers the fuel consumption for trench excavation. 
The use stage focuses on the friction losses during water t ransmission and the energy use due to maintenance of 
pipes. The final stage of wastewater p ipes is disposal and recycling processes. Recycling systems for the most 
important pipes are emerg ing, fo r example, PVC p ipes are recycled to produce new pipes and t he used concrete has 
been re-circulated for road foundations. Therefore, the disposal and recycling stage is supposed to be included in the 
data collection. 
 Based on Table 2, some simplifications and assumptions are necessary to make the problem manageable. The 
various parameters of d ifferent phases of the investigation which were included or omitted from the scope of the 
LCA have been introduced and elaborated further. Table 3 summarizes input data and life cycle inventory (LCI) for 
the life cycle analysis used in this investigation. 
 
 
 
 Raw Materials Extraction 
and Compounding 
Manufacturing 
Transportation 
 
 Transportation 
Installation/ 
Application 
Use and 
Maintenance 
Disposal 
 
 
Raw Materials 
Energy 
Residual Waste 
Emissions 
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Table 2. Summary of assumptions and simplifications for LCA of different pipeline systems. 
LCA Phase Included in the analysis Excluded from the analysis 
Production The four materials considered for the life cycle analysis come in 
different diameters and a trade- off has been done among the 
different sizes by considering a generalized pipe size of 20 inches. 
Also, a length of 5 meters has been considered for the study on the 
assumption that a pipe of length 5 meters is required to transport a 
cubic meter of waste water. 
Manufacturing and maintenance of  the 
machinery used in the production phase  
Transportation Transportation distance, amount of fuel consumed, type of vehicle 
used. 
Production and maintenance of transportation 
vehicles. 
Installation Trench installations are made in relatively narrow excavations and 
the pipeline covered with earth backfill which extends to the 
original ground surface. Sewers, drains and water mains are usually 
constructed in trenches. 
Production and maintenance of installation 
equipment and also fuel consumed during the 
process. In addition, joining processes have 
been ignored from the purview of this LCA 
study. 
Use Ductile iron and concrete pipes need maintenance and repair after 
25 years and 15 years, respectively. 
Friction losses during the transmission of 
wastewater 
 
Table 3. Summary of input data for the life cycle analysis software. 
Product  Process input Value Ecoinvent Unit Process 
Materials/Process for 5 m pipe    
Ductile Iron    
Ductile Iron 
Electricity, hard coal 
Sand 
Bitumen Sealing 
Transportation 
Casing 
kg 
kWh 
kg 
kg 
tkm 
kg 
649 
0.1243 
32.43 
3.45 
200 
690 
Cast iron, at plant/RER U 
Electricity, hard coal, at power plant/US U 
Sand, at mine/CH U 
Bitumen sealing, at plant/RER U 
Transport, lorry 3.5-7.5t, EURO4/RER U 
Casting of metal products, export from DK 
Concrete    
Portland Cement 
Gravel, Crushed 
Water    
Low Alloy Steel    
Sand     
T ransportation 
Truck (single) gasoline 
Electricity, hard coal 
Casting 
kg 
kg 
L 
kg 
kg 
tkm 
tkm 
kWh 
kg 
58 
232 
87 
58 
145 
168 
12.8 
0.05621 
580 
Portland cement, strength class Z 52.5, at plant/CH U 
Gravel, crushed, at mine/CH U 
Tap water, at user/RER U 
Steel low alloy ETH U 
Sand, at mine/CH U 
Transport, lorry 3.5-7.5t, EURO4/RER U 
Truck (single) gasoline FAL 
Electricity, hard coal, at power plant/US U 
Concrete, normal, at plant/CH U 
PVC    
Polyvinylchloride (PVC) 
Crushed Limestone 
Truck, gasoline  
Electricity, hard coal 
Extrusion 
kg 
kg 
tkm 
kWh 
kg 
167 
8.5 
52 
0.00294 
181 
Polyvinylchloride, at regional storage/RER U 
Limestone, crushed, for mill/CH U 
Truck (single) gasoline FAL 
Electricity, hard coal, at power plant/US U 
Extrusion, plastic pipes/RER U 
FRP    
Epoxy Resin  
Glass Fibre 
Sand 
Laminating with Acrylic Binder 
Acrylic Binder 
Truck, gasoline 
Electricity, hard coal 
Injection Moulding 
kg 
kg 
kg 
m2 
tkm 
kWh 
kg 
20 
170 
30 
20 
66 
0.00469 
220 
Epoxy resin, liquid, at plant/RER U 
Glass fibre, at plant/RER U 
Sand, at mine/CH U 
Laminating, foil, with acrylic binder/RER U 
Acrylic binder, 34% in H2O, at plant/RER U 
Truck (single) gasoline FAL 
Truck (single) gasoline FAL 
Injection moulding/RER U 
Installation  
Excavation by hydraulic digger 
 
m3 
 
1 
 
Excavation, hydraulic digger/RER U 
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3.         Results and Interpretation 
 
3.1.      LCA Results for Ductile Iron Pipes 
 
Figure 2a represents the impact of the four different phases of ductile iron manufacturing on the different 
environmental categories. In  order to make the scales smaller, these values are expressed relatively in accordance to 
the highest values on the graph. Here we see that the production phase of ductile iron manufacturing has the largest 
impact on all the different impact categories. This is because of the inevitable amounts of materials and energy that 
is required for the production phase. While contributions from other phases are generally much lower compared to 
the production phase, transportation and installation phases do have noticeable impacts, especially  in  the category of 
respiratory organics. The use phase has little or no impact on the different impact categories.  
   
Figure 2.  a) Ductile Iron Pipe Characterization Graph, b) Ductile Iron Pipe Single Score Graph  
 
Figure 2b represents the single score comparison graph showing all different phases  of a ductile iron 
manufacturing process. From this graph, we see that the highest contributor was the ductile iron production phase, 
especially in the impact categories of fossil fuels and respiratory inorganics. The production phase also has a great 
impact on eco-toxicity. While ductile iron use makes almost no contributions, the installation and transportation 
phases have considerable impacts on fossil fuels as well. 
 
3.2.       LCA Results for Concrete Pipes 
 
The characterizat ion results of concrete pipes used in waste water piping systems are shown in Figure 3a. 
The figure represents the impact of the four d ifferent stages of concrete manufacturing on different environmental 
categories and they are relat ively expressed with regard to the highest value. The production stage of concrete pipes 
has the maximum impact on most categories as is evident from the chart. One potential reason for this could be the 
fact that concrete requires large amount of energy and material inputs during the production stage. Since these pipes 
are heavy as mentioned previously in table 1, the transportation phase has substantial repercussions on fossil fuels  
which are p rimary used for transportation purposes. Furthermore, our results regarding acidification/eutrophication 
category which is in  contradict to the prev ious findings about ductile iron confirm that the principle cause for 
acidification/eutrophication comprises emissions from t ransportation of concrete pipe to the installation sites. Also, 
the significant contribution of production stage on acidification/eutrophication emphasizes consuming large amount 
of energy for concrete pipe manufacturing and subsequently emission release during production stage.   
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As mentioned in table 1, concrete pipes are brittle and even if concrete pipes are transported without 
damage, its heavy weight can be challenging for contractors trying to align and install them. Since concrete dust 
which contains cement and crystalline silica can irritate the respiratory system and the results in  figure 3a reveal the 
significant contribution of installation and transportation stages. To conclude, production and transportation were 
followed the installation phase and were found to have significant impact on respiratory organics, fossil fuels, 
acidification/eutrophication and climate change. The use stage was almost negligible as regards impact on the 
environment was concerned.   
 
 
 
   
Figure 3.  a) Concrete Pipe Characterization Graph, b) Concrete Pipe Single Score Graph 
 
Figure 3b represents the single score of different stages of concrete pipe waste water system. The single 
score is calculated as the weighted average of each environmental category over all the other categories. The 
production phase, with the greatest score in this comparison, had the maximum influence on environment. The three 
main impact areas contributing to the production stage of Concrete were eco -toxicity, fossil fuels and respiratory 
inorganics. The contribution of eco-toxicity was considerably high at 80% while that of the next h ighest contributor, 
that is fossil fuels was close to 15%. Respiratory inorganics accounted for some 4% as an impact category.   
 
3.3.     LCA Results for PVC Pipes 
 
The characterizat ion results of PVC pipes used in the waste water piping system is shown in the Figure 4a. 
In this result, the differences between the four stages of piping system in each environmental category are expressed 
by the percentage of the highest value. The production stage of PVC pipes has the most impacts on each 
environmental category when compared  to other stages. The manufacturing processes for PVC pipes consume much 
materials and energy that could be the reason for the production stage has the highest value on each category. The 
transportation of PVC p ipe has relatively low impacts on respiratory organics and inorganics, climate change, 
acidification/eutrophication and fossil fuel. The gasoline or diesel is used in the truck for transportation of PVC 
pipes. The installat ion stage has the second higher influence on respiratory o rganics which  may be caused by trench 
excavation process, and has also relatively lower impacts on  respiratory inorganics, climate change, eco-toxicity, 
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acidification/ eutrophication and fossil fuel consumption. The use stage of PVC pipes is almost zero on each 
category based on this scenario.  
 
 
   
Figure 4.  a) PVC Pipe Characterization Graph, b) PVC Pipe Single Score Graph  
 
Figure 4b shows the single score of different stages in PVC pipes waste water system. The single score is 
calculated by the value of each environmental category mult iple the related weighted factors. Among these four 
stages in PVC pipes, the PVC production stage has the highest score which means this stage gives the most pressure 
to the environment. The most contribution of PVC production stage’ single score comes from the fossil fuels 
consumption. It takes almost 93% of the total score of this stage. Moreover, the respiratory inorga nics and climate 
change impacts are have relatively high contribution to the total score of PVC production stage.  
 
3.4.      LCA Results for FRP Pipes 
 
The characterizat ion results of FRP pipes used in waste water piping systems are shown in Figure 5a. The 
figure represents the impact of the four different stages of FRP manufacturing on different environmental categories 
and they are relatively expressed with regard  to the highest value. The production stage of FRP p ipes has the 
maximum impact  as is evident from the chart. One potential reason for this could be the fact that FRP requires large 
amount of energy and material inputs during the production stage.  
Figure 5b represents the single score of different stages of FRP pipe waste water system. The single  score is 
calculated as the weighted average of each environmental category over all the other categories. The production 
phase, with the greatest score in this comparison, had the maximum influence on environment. The three main  
impact areas contributing to the production stage of FRP were fossil fuels, carcinogens, and respiratory inorganics. 
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Figure 5.  a) FRP Pipe Characterization Graph, b) FRP Pipe Single Score Graph  
 
 
3.5.     Production Stage Comparison 
 
A comparative study of the production stages of different pipe materials was carried out and the 
characterizat ion results obtained are shown in  Figure 6a. The production stage was specifically chosen for the study 
because this phase had the maximum impact for literally  all the four materials. The figure brings to light the impact  
of the production stage of the four materials (Ductile Iron, Concrete, FRP and PVC) on different environmental 
categories and are represented on a percentage scale. The production stage of ductile iron was found out to be the 
most deleterious, impacting almost all categories to the greatest extent except for eco -toxicity which was hit the 
most by the production stage of concrete. In spite of the fact that ductile iron production stage has a considerable 
detrimental impact on ozone layer depletion, since polystyrene is utilized in FRP pipes production and 
hydrochlorofluorocarbons (HCFCs) is generated during the process, FRP production stage is considered as  the most 
impactful stage on ozone layer deletion category.  
The production of FRP and PVC pipes also affected the environment but not as much as ductile iron. 
Besides eco-toxicity, the effect of concrete production on other aspects was found to be the least.  
Figure 6b represents the single scores of the production phase of different pipe materials. The single score is 
calculated as the weighted average of each environmental category over all the other categories. The build -up of the 
production stage of concrete pipes comprised environmental categories such as eco-toxicity and fossil fuels. The 
contribution of eco-toxicity was about 90% while that of fossil fuels was nearly 10%. Ductile iron production 
primarily had 35% impact from fossil fuels, 28% impact from ozone layer and about 13% impact from both minerals 
and eco-toxicity. The single largest impact of the production of PVC p ipes was on fossil fuels with a substantial 
percentage of about 85% and fossil fuels got a similar influence from FRP and that was found to be 75%. 
Respiratory inorganics were hit to some 15% in contrast to the other environmental aspects by FRP production.  
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Figure 6.  a) Characterization Graph for Production Stage Comparison for all Pip ing Materials, b) Single Score Graph for Production Stage 
Comparison for all Piping Materials  
 
According to the U.S. Energy Informat ion Admin istration (EIA), fossil fuels generate almost 45% of the 
electricity used in the United States [10] and production  stage as well as transportation, installation, maintenance, 
and recycling and disposal are electricity driven and may involve large equipment and subsequently consume large 
amounts of energy and therefore release emissions. The obtained results regarding the substantial contribution of 
fossil fuels on environmental impact of ductile iron, PVC and FRP production stages confirm previous findings 
about the role of energy on life cycle assessment of different  piping materials [11-13]. 
Previous investigations show that the cement in concrete p ipes comprises heavy metals and other toxic 
inorganic compounds [14, 15]. These compounds which can be released by water in an alkali leaching process are 
considered as toxic components in environment and to prevent or redu ce eco-toxicity of concrete materials several 
studies have been focused on quantifying their impact on environment [15, 16].  Moreover, according to De 
Schepper et al. [17], the energy required  during the operation of the cement p lant has a significant impact  on the 
human toxicity and aquatic eco-toxicity and these results confirm the above findings in this investigation about the 
significant contribution of eco-toxicity in concrete pipes production stage.  
 
3.6.     Comprehensive comparison between all four piping materials 
 
A comparative study of the life cycle stages of four different pipe materials was carried out and the 
characterizat ion results obtained are shown in Figure 7a. The figure brings to light the impact of the ductile iron on 
different environmental categories and is represented on a percentage scale.  
Utilizat ion of ductile iron pipes in transportation of wastewater was found out to be the most deleterious, 
impacting almost all categories to the greatest extent except for eco -toxicity and ozone layer depletion which were 
hit the most by the concrete and FRP, respectively. The production of concrete, FRP and PVC pipes also affected 
the environment but not as much as ductile iron. Except  resp. organics and fossil fuel, the effect  of PVC production 
on all aspects was found to be the least.  
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Figure 7. a) Characterization Graph for Life Cycle Comparison for all Piping Materials, b) Single Score Graph for Life Cycle Comparison for all 
Piping Materials 
 
Figure 7b represents the single scores of the life cycle of different pipe materials. The single score is 
calculated as the weighted average of each environmental category over all the other categories. Ductile iron life 
cycle primarily had almost 35% impact on fossil fuels, and resp. organics and minerals also had significant effects 
on ductile iron life cycle. The single largest impact of life cycle of PVC pipes was on fossil fuels with a substantial 
percentage of about 85% and fossil fuels got a similar influence from FRP and that was found to be 75%. 
Respiratory inorganics had also significant in fluence on FRP life cycle compared  to other environmental impacts.  
As discussed in the previous section, the impact of fossil fuels on life cycle of d uctile iron, PVC, and FRP pipes is 
dominant and eco-toxicity is the most impactful category in the life cycle of concrete piping materials.  
Conclusion 
This investigation utilized LCA approach to compare the environmental performance of four different pip ing 
materials in wastewater transportation infrastructure. To the best of our knowledge, this research was the first 
endeavor to apply life cycle analysis methods to compare four different piping materials and quantify diverse 
environmental impacts such as eco-toxicity, ozone layer depletion, and energy consumption during various LCA 
stages. In addition, this study identified the impacts of the production, transportation, installation and use stages on 
various environmental impacts and determined the most effect ive and environmentally  friendly  strategy for 
wastewater transportation infrastructures. The main results can be concluded as follows: 
 
x The production phase has the maximum impact among the different phases of all pipe manufacturing and 
within different environmental impacts; fossil fuel is the largely affected area in all piping systems. 
x The production phase has the maximum impact on different categories  and this phase had the biggest 
repercussion on Eco-toxicity and Fossil Fuels .   
x For ductile iron, FRP and PVC, fossil fuel is the largest affected area while for Concrete has the greatest 
impact on Eco-toxicity. 
x Among the four pipes, ductile iron has the maximum impact and PVC has the min imum impact on most of 
these areas. 
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